Abstract: Patients receiving mechanical circulatory support often present with heightened inflammation and free radical production associated with pre-existing conditions in addition to that which is due to blood interactions with nonbiological surfaces. The aim of this experimental laboratory study was to assess the deformability of red blood cells (RBC) previously exposed to oxygen free radicals and determine the susceptibility of these cells to mechanical forces. In the present study, RBC from 15 healthy donors were washed and incubated for 60 min at 378C with 50 mM phenazine methosulfate (PMS; an agent that generates superoxide within RBC). Incubated RBC and negative controls were assessed for their deformability and susceptibility to mechanical damage (using ektacytometry) prior to the application of shear stress, and also following exposure to 25 different shear conditions of varied magnitudes (shear stress 1, 4, 16, 32, 64 Pa) and durations (1, 4, 16, 32, 64 s). The salient findings demonstrate that incubation with PMS impaired important indices of RBC deformability indicating altered cell mechanics by $19% in all conditions (pre-and postexposure to shear stress). The typical trends in shear-mediated changes in RBC susceptibility to mechanical damage, following conditioning shear stresses, were maintained for PMS incubated and control conditions. We demonstrated that free radicals hinder the ability of RBC to deform; however, RBC retained their typical mechanical response to shear stress, albeit at a decreased level compared with control following exposure to PMS. Our findings also indicate that low shear exposure may decrease cell sensitivity to mechanical damage upon subsequent shear stress exposures. As patients receiving mechanical circulatory support have elevated exposure to free radicals (which limits RBC deformability), concomitant exposure to high shear environments needs to be minimized.
Abstract: Patients receiving mechanical circulatory support often present with heightened inflammation and free radical production associated with pre-existing conditions in addition to that which is due to blood interactions with nonbiological surfaces. The aim of this experimental laboratory study was to assess the deformability of red blood cells (RBC) previously exposed to oxygen free radicals and determine the susceptibility of these cells to mechanical forces. In the present study, RBC from 15 healthy donors were washed and incubated for 60 min at 378C with 50 mM phenazine methosulfate (PMS; an agent that generates superoxide within RBC). Incubated RBC and negative controls were assessed for their deformability and susceptibility to mechanical damage (using ektacytometry) prior to the application of shear stress, and also following exposure to 25 different shear conditions of varied magnitudes (shear stress 1, 4, 16, 32, 64 Pa) and durations (1, 4, 16, 32, 64 s) . The salient findings demonstrate that incubation with PMS impaired important indices of RBC deformability indicating altered cell mechanics by $19% in all conditions (pre-and postexposure to shear stress). The typical trends in shear-mediated changes in RBC susceptibility to mechanical damage, following conditioning shear stresses, were maintained for PMS incubated and control conditions. We demonstrated that free radicals hinder the ability of RBC to deform; however, RBC retained their typical mechanical response to shear stress, albeit at a decreased level compared with control following exposure to PMS. Our findings also indicate that low shear exposure may decrease cell sensitivity to mechanical damage upon subsequent shear stress exposures. As patients receiving mechanical circulatory support have elevated exposure to free radicals (which limits RBC deformability), concomitant exposure to high shear environments needs to be minimized. Key Words: Hemorheology-Red blood cellSublethal damage-Subhemolytic damage-Mechanical damage-Deformability.
Oxygen free radicals are important for an array of normal physiological processes, including cellcell signaling, immune defense, and mitogensis (1): when unregulated, however, free radicals may contribute to the pathogenesis of numerous systemic disease states. Specifically, when reactive oxygen species, such as superoxide (O 2 2 ), hydroxyl radical (OH 2 ), peroxyl radical (OH 2 2 ) and hydrogen peroxide (H 2 O 2 ) overcome cellular antioxidant defense mechanisms (i.e., "oxidative stress"), damage to local tissue is observed which may precipitate various disease states (2) .
Throughout the circulatory system, red blood cells (RBC) are susceptible to oxidative stress due to their direct exposure and interaction with large quantities of oxygen (3) . In healthy individuals, reactive oxygen species are produced within RBC by the oxidation and reduction of ferric (Fe 31 ) to ferrous (Fe 21 ) iron in the heme complex, which facilitates oxygen binding, transport, and unloading (4) . While this reaction provides a continuous source of intracellular reactive oxygen species, the antioxidant defense system of the RBC is well equipped to prevent such oxidative stress (3) . Extrinsic to the RBC, however, reactive oxygen species can be produced by glucose oxidation (5), biocompatibility issues with mechanical assist devices and extracorporeal circulation, and superoxide dismutase within mitochondrial oxidative phosphorylation (6, 7) . Given the continual free radical production from intra and extracellular sources, any mismatch between the development of reactive oxygen species and their subsequent removal may overcome systemic antioxidant defense mechanisms, damaging cellular components, and membrane surfaces, making them more susceptible to further damage (8) .
Blood fluidity and organ perfusion are highly dependent on the ability of RBC to disaggregate and deform in response to mechanical forces (9) . Oxidative damage can have an extensive influence on blood fluidity by altering the mechanical properties of RBC (10) and diminishing endothelial function (2, 11) ; to such an extent that oxidative stress has been identified to contribute to various circulatory diseases, such as diabetes, cardiovascular disease, and ischemic stroke (1, 2, 5, 12) . Specifically, oxidative damage can contribute to alterations in the biochemical and mechanical properties of individual cells and thus the resultant bulk flow of blood by altering various properties of RBC. The presence of reactive oxygen species can cause: digestion of the RBC surface membrane by cytoplasmic enzymes causing protein degradation and lipid peroxidation (13, 14) ; direct quenching of nitric oxide, decreasing its bioavailability (15) ; and, physical rigidification of the RBC membrane via increased spectrin-hemoglobin crosslinking (13) . Biochemical and mechanical changes to RBC secondary to oxidative damage may result in hindered cellular function, particularly the capacity of the RBC to deform in response to shear stress, which may ultimately precipitate overt hemolysis (16) .
Understanding the rheological functioning of blood and its response to shear stresses within, and superseding, the physiological range is of scientific and clinical interest for predicting an individual's response/success to the use of mechanical circulatory assist. Current investigations that test mechanical device biocompatibility and rheological damage, often investigate rates of RBC hemolysis subsequent to supraphysiological shear stress exposure, commonly studying blood obtained from healthy donors. Given that mechanical assist devices now have the capacity to minimize hemolysis [although they still operate in the supraphysiological domain of shear stress (17) ], and oxidative stress is highly prevalent in the diseases indicated for mechanical circulatory assist, novel methods are currently being explored to characterize and minimize blood damage associated with the combined exposure to shear stress and oxygen free radicals (18) .
To investigate and describe the changes in RBC populations following exposure to subhemolytic shear stress, Simmonds and Meiselman (19) employed a standardized method of assessing magnitude-duration effects of a conditioning shear stress on subsequent RBC deformability and Mechanical Sensitivity. The standardized method allowed for the: (i) characterization of shearmediated changes in RBC sensitivity to mechanical stress; and (ii) identification of a "subhemolytic damage point"-that is, the critical point at which shear stresses induced mechanical damage to RBC, significantly decreasing RBC deformability under subsequent shear exposure. Given the original method was developed using blood from healthy donors, it remains unknown whether factors known to alter RBC mechanics (e.g., oxidative stress) also influence the subhemolytic damage point. The findings provided by such data could be further developed into future models to: (i) predict individual patient mechanical assist device success; and (ii) provide a basis for new hemocompatibility criteria. The aim of the present study is to examine and characterize the shear-mediated changes in RBC deformability, and the subhemolytic damage point, of RBC suspensions previously exposed to oxygen free radicals.
SUBJECTS AND METHODS

Subjects and sampling
Fifteen healthy men (28 6 8 years old) volunteered to participate in the present study. Inclusion criteria required that participants were free from cardiovascular and metabolic comorbidities, or hematological/immune disorders. After informed consent was obtained, participants were invited to the laboratory facility to supply a blood sample. Blood was collected from a prominent vein in the antecubital region within 90 s of the application a tourniquet, using a 21-G needle and syringe, and transferred into tubes containing the anticoagulant dipotassium ethylenediaminetetraacetate (K 2 -EDTA) at a concentration of 1.8 mgÁmL
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. All experimental procedures were completed within 4.25 h of blood collection. The experimental protocols were reviewed and approved by the Griffith University Human Research Ethics Committee (Protocol number: AHS/21/15/HREC), which conforms with the Declaration of Helsinki.
Experimental design
Changes in RBC deformability in response to varied duration and magnitude of shear stress exposure were explored using RBC suspensions incubated for 60 min with/without a free-radical generating agent-the samples incubated without a free-radical generating agent were considered to reflect normal "Control" responses to shear stress exposure. The experimental design involved three phases for each of these conditions: (1) determination of RBC deformability without prior exposure to shear stress (i.e., "unsheared"); (2) exposure of fresh RBC to a conditioning shear for a specific duration at a discrete shear stress; (3) the subsequent and immediate measurement of deformability of the RBC exposed to the conditioning shear (i.e., during "2," above). To quantify the potential altered RBC mechanics due to ex vivo ageing (i.e., blood storage), RBC deformability of "unsheared" cells were repeated at the end of each experiment.
Sample preparation-oxidative stress
Following blood collection, whole blood samples were immediately centrifuged at 1500 3 g for 10 min and the plasma and the buffy white coat were aspirated from the sample, leaving isolated packed RBC. RBC were washed twice with phosphate buffered saline (PBS; pH 5 7.40, 287 mOsmolÁkg
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), centrifuged at 1500 3 g for 5 min, and then resuspended at $0.4 L/L hematocrit in a solution of five parts PBS and one-part bovine serum albumin (BSA; 1% in PBS). RBC suspensions were subsequently incubated for 1 h at 378C with 50 mM phenazine methosulfate (PMS) solution; an agent that generates superoxide within RBC, thereby inducing oxidative stress (2) . The specific concentration of PMS solution allowed for significant production of superoxide anions without inducing alterations to normal cell morphology (20) , which was confirmed during development of the present experimental procedures. Blood samples from a subset of the cohort (n 5 9) were treated in the same manner as described above, although following resuspension of the washed RBC in PBS with BSA, PMS was not added. As these cells were not exposed to the free radical generating agent during incubation, collected data were considered to reflect normal "Control" responses to shear stress exposure.
Following incubation, RBC were separated from supernatant by centrifugation at 1500 3 g for 5 min. RBC were then washed twice with PBS and isolated RBC were stored in a tube until immediately prior to the application of shear stress and deformability measures. Samples were prepared for shear stress exposure and deformability measurement by suspending 25 mL of RBC at a hematocrit of 0.5% in 360 kDa polyvinylpyrrolidone (29.6 mPaÁs, pH 5 7.30, 296 mOsmolÁkg
). For the application of shear stress and ektacytometry, 1 mL of each RBC suspension was inserted into a Couette shearing system.
Application of conditioning shear stress
An annular Couette flow shearing system and ektacytometer (Laser-assisted Optical Rotational Cell Analyser; LORCA MaxSis, Mechatronics, Hoorn, Netherlands) operating at 37 6 0.28C induced a controlled conditioning shear stress to RBC suspensions. Shear stress exposure varied in magnitude and duration, ranging from 1 Pa for 1 s to 64 Pa for 64 s. Twenty-five preconditioning shear stress conditions were thus employed in the present study-shear stress magnitudes were 1, 4, 16, 32, and 64 Pa, which were all applied for durations of 1, 4, 16, 32, and 64 s. Freshly prepared RBC suspensions were used for all investigations and were conditioned and analyzed within 5 min of preparation.
RBC deformability measures
Immediately following RBC exposure to a specific conditioning shear stress (per application of conditioning shear stress section), RBC deformability measures were conducted using low-power laser-light diffractometry to measure the diffraction pattern of RBC suspensions across a discrete range of shear stresses (0.3-50 Pa). The diffraction pattern was circular for cells at rest and became progressively ellipsoidal as RBC deformed (21) . The diffraction pattern was captured by an integrated digital camera and analyzed in real-time by fitting an ellipse to a region of interest. An Elongation Index (EI) of the diffraction pattern, indicating the instantaneous morphology of the RBC, was calculated: EI 5 (length 2 width)/(length 1 width), based on the geometry of the ellipse.
Data analysis
The raw EI-shear stress data provided by the ektacytometer for deformability measures were transferred into analytical software (Prism 6, Graphpad Software Inc., La Jolla, CA, USA), and a nonlinear curve of the Lineweaver-Burk equation was fitted to the raw EI data. To improve the goodness of fit to the EI-shear stress deformability curve, EI values below 0.94 Pa (which were atypically elevated following specific prior shear conditions) were excluded from the curve-fit analysis for all conditions (22) . The nonlinear curvefitting algorithm enabled the determination of the value for: (i) the maximum theoretical EI at an infinite shear stress (i.e., EI max ), and; (ii) the shear stress required to induce half maximal EI (i.e., SS 1/2 ). Decreased RBC deformability is associated with an increased SS 1/2 and decreased EI max . While these parameters describe the RBC deformability response, Baskurt and Meiselman (23) identified that these variables are not always in agreement for cells with abnormal mechanical behavior; however, the ratio of SS 1/2 :EI max is a valid measure that provides a more robust parameter of RBC deformability when comparing various RBC populations. Increases in SS 1/2 :EI max are indicative of decreased RBC deformability, and vice versa.
Given impairments in RBC deformability lead to detrimental functional implications, including the diminished regulation of microcirculatory blood flow and the precipitation of complete cell destruction (8, 16) , an index of RBC susceptibility to mechanical damage was expressed by calculating the differences in SS 1/2 :EI max relative to control measures (prior to shearing), as a percentage of the control value (22, 24) :
where n represented the specific level-duration of shear stress exposure, and Con represented the unsheared value. Positive values of the Mechanical Sensitivity index indicate decreases in RBC deformability relative to Control and thus functional impairments, while negative values correspond to enhancements in RBC deformability measures and functionality (22) . Mean Mechanical Sensitivity data for all subjects was collated into an x, y, z matrix, where the mean Mechanical Sensitivity measure was the z axis, and shear stress duration and magnitude were the x and y axis, respectively (Origin, OriginLab Corp., Release 9, Northampton, MA, USA). Thin-plate splines were employed to interpolate raw x, y, z values, and a surface mesh plot was overlayed to facilitate visual identification of the subhemolytic threshold. The subhemolytic damage point was considered to occur at the 95% confidence interval (C.I.) above the calculated mean of all samples not significantly different to Control. If discrete experimental values were positive and >95% C.I., impairments to RBC deformability were considered to have occurred. By contrast, if discrete negative values were measured and <295% C.I., enhanced RBC deformability was considered to have occurred. All values between 295% and 195% C.I. of the control mean were considered to be unaltered by the conditioning shear stress protocol.
To assess changes in the shear-mediated responses of the Mechanical Sensitivity index between the surface mesh of the experimental PMS plot and the control plot, a delta Mechanical Sensitivity was determined by subtracting the control matrix from the PMS matrix. The calculated delta 64 3 64 matrix was also presented as a surface mesh to assist visual representation of shear induced changes in Mechanical Sensitivity of experiment samples (relative to Control).
Statistical analysis
Normality of data were confirmed with ShapiroWilk test, with investigation of kurtosis and skewness of the data. Baseline changes in EI-shear stress curves were investigated using a one-way ANOVA with matched repeated measures applying the Geisser-Greenhouse correction where required. An independent samples t-test was applied to determine significant differences in the group mean of the SS 1/2 :EI max data of PMS and control samples prior to shear stress exposure. Following shear stress exposure, however, the SS 1/2 :EI max data were analyzed using a multifactorial ANOVA with repeated measures and post hoc tests using the Bonferroni correction. Significant variations in the D SS 1/2 :EI max were analyzed relative to the mean using a one way ANOVA with repeated measures (applying the Bonferroni correction). Significance was determined at an alpha of 0.05. Unless otherwise stated, results are presented as mean 6 standard error.
RESULTS
RBC deformability prior to conditioning shear stress
The EI at given shear stresses of RBC incubated for 60 min in the presence/absence of PMS, prior to the exposure to conditioning shear stresses (i.e., unsheared), are illustrated in Fig. 1 . The EI (indicating RBC deformability) exhibited a typical sigmoidal response across the varied and discrete shear stresses of 0.3-50 Pa. The maximal theoretical EI (EI max ) was 0.648 6 0.002 for PMS and 0.644 6 0.002 for Con, and the amount of shear stress required to induce half of EI max (i.e., SS 1/2 ) was 2.00 6 0.03 for PMS and 1.67 6 0.02 for Con. A significant main effect for condition was detected (F 5 19.29, P < 0.001). The EI was significantly decreased in the PMS condition at low shear values of 0.53, 0.94, 1.65, and 2.91 Pa (P < 0.05). No significant differences between conditions were detected at higher shear stresses.
The ratio of SS 1/2 :EI max for RBC suspensions incubated for 60 min either in the presence/absence of PMS prior to the application of a conditioning shear stress is illustrated in Fig. 2 . Samples incubated with PMS display significantly increased SS 1/2 :EI max when compared to Con (t 5 6.23, P < 0.001).
Effects of prior conditioning shear stress exposure on RBC deformability
The SS 1/2 :EI max (i.e., deformability) for RBC suspensions exposed to 25 discrete shear stress magnitude-duration combinations are presented in Fig. 3 for Con and PMS. PMS-treated RBC displayed significantly increased SS 1/2 :EI max compared with Con RBC, reflecting decreased RBC deformability for all magnitudes and durations of shear stress (F 5 84.03, P < 0.001). While PMS-treated RBC exhibited significantly less deformability than Con, relative to unsheared PMS-treated RBC, PMStreated RBC sheared at 64 Pa for !16 s observed a significant increase in SS 1/2 :EI max . Conversely, following combinations of 32 Pa for 32 s, 16 Pa for !16 s, and 4 Pa for !32 s, the SS 1/2 :EI max of PMStreated RBC significantly decreased relative to its matched unsheared PMS incubated sample (i.e., indicating relative improvements in RBC deformability). Despite improvements in RBC deformability relative to unsheared PMS-treated RBC, relative to Con, incubation of RBC with PMS decreased RBC deformability at all combinations of magnitude-duration of shear stress.
A surface mesh of RBC susceptibility to subsequent mechanical damage (i.e., Mechanical Sensitivity) is illustrated in Fig. 4 for Con (Panel A) and PMS incubated samples (Panel B). The upper 95% C.I. for the Con Mechanical Sensitivity data index was found at 1.55%, indicating significant mechanical damage above this point. All Mechanical Sensitivity values of the PMS surface mesh were identified to be above the 195% C.I., indicating that PMS incubated samples, at all points, were more susceptible to mechanical damage than Con samples.
To investigate the variances in the shearmediated changes in RBC sensitivity to subsequent mechanical damage, the change in Mechanical Sensitivity (i.e., D Mechanical Sensitivity) between the matrices of PMS and Con conditions were determined. A visual representation and surface mesh of the calculated changes in Mechanical Sensitivity is presented in Fig. 5 . The average calculated change in Mechanical Sensitivity was 19.0 6 2.0%. Varying the magnitude and/or duration of shear stress exposure did not significantly influence the D Mechanical Sensitivity for raw data points (P 5 0.159). Post hoc comparisons indicated that no significant differences were detected, for any of the data points, relative to the mean response for all shear magnitude duration conditions. Figure 5 indicates that the shear-mediated changes between Con and PMS incubated samples are equivalent, despite the decreased deformability response at all time points (reflected via the vertical translation).
FIG. 1.
The Elongation Index (i.e., deformability) of RBC suspensions previously incubated for 60 min with PMS, and without (Con), across a discrete range of shear stresses (0.3-50 Pa), before exposure to conditioning shear stresses. Significantly different between Con and PMS *, P < 0.05.
FIG. 2. SS 1/2
:EI max parameterization of RBC deformability for Con and PMS incubated samples, prior to conditioning shear stress exposure. Significantly different *, P < 0.05.
DISCUSSION AND CONCLUSIONS
The salient findings of the present study demonstrate that RBC, previously exposed to an intracellular superoxide generating agent, exhibit increased sensitivity to mechanical stress during subsequent exposures to shear. That is, the Mechanical Sensitivity of RBC exposed to oxidative stress is impaired such that the magnitude and duration of shear stress required to damage RBC is significantly decreased. Specifically, it was found that: (i) RBC suspensions stimulated to generate intracellular superoxide exhibited significantly decreased cellular deformability under low shear conditions of ektacytometry prior to conditioning shear stress exposure (i.e., for "unsheared" samples); (ii) when these rigidified RBC were subsequently   FIG. 3 . SS 1/2 :EI max parameterization of RBC deformability measured for Con and PMS incubated samples following exposure to discrete magnitudes and durations of shear stress ranging 1-64 Pa for 0-64 s. All PMS incubated samples were significantly different to Con. *, Conditioned sample significantly different from matched unsheared sample (0 s), P < 0.05.
conditioned with varied durations and magnitudes of shear stress, important indices of RBC deformability were significantly impaired; (iii) the general response of RBC to shear stress was "typical" in trend for cells previously exposed to superoxide;
however, there was a vertical transformation of this response (19.0 6 2.0%), indicating that at all levels of shear stress exposure, impaired mechanical properties were observed. These findings collectively suggest that while the presence of intracellular superoxide decreases RBC deformability, RBC retain the typical response to shear stress (i.e., shear-mediated changes), albeit at heightened risk for mechanical damage and microcirculatory dysfunction. Shear stress is thus a powerful stimulus that appears to induce predictable morphological responses in RBC independent of prior mild exposure to superoxide. Incubation of RBC with PMS, stimulating the generation of intracellular superoxide anions, significantly altered baseline RBC deformability measures prior to shear stress exposure (Fig. 1) . The effects of PMS-generated superoxide on the physical properties of RBC has previously been well described to increase membrane stiffness and extensional rigidity, and decrease RBC deformability (2, 13, 20) . Thus, the present observation that intracellular superoxide significantly decreased the Elongation Indexes of RBC under low shear stress (e.g., 0.53-2.91 Pa; Fig. 1 ) and significantly increased a global index indicative of impaired RBC deformability (i.e., SS 1/2 :EI max ; Fig. 2 ), provides strong confirmation of these earlier reports. The present study, however, extends prior investigations by assessing the shear-mediated responses of RBC previously exposed to intracellular superoxide generation.
The present study reports for the first time that RBC previously exposed to intracellular superoxide generation, when subsequently conditioned with shear stress of a given duration and magnitude, exhibit significantly impaired RBC deformability beyond that which may be explained solely by oxidative stress (Fig. 3) . Indeed unsheared PMS-treated RBC displayed significantly increased SS 1/2 :EI max (i.e., impaired deformability) compared with non-treated RBC for all magnitudes and durations of shear stress. When PMS-treated RBC were conditioned with 64 Pa for !16 s, however, the SS 1/2 :EI max increased significantly relative to its matched unsheared PMS-treated RBC. This observation indicates that exposure to mechanical forces compound the sublethal damage to RBC induced by free radicals.
The current study also confirms evidence of the existence of a subhemolytic threshold (19, 22, 25) , with shear stresses far below the hemolytic threshold (and also that observed in mechanical assist devices) significantly decreasing RBC deformability, and increasing susceptibility to subsequent mechanical damage. PMS-treated samples of the present study exhibited an $19% decrease in cell deformability before and after exposure to shear stress, with increases in Mechanical Sensitivity cumulating a further 42% following 64 Pa for 64 s (i.e., $69% relative to unsheared Con). Given that the upper 95% C.I. determines the first occurrence of substantially impaired cellular deformability, all PMS samples were identified to be above the subhemolytic threshold (Fig. 4) . While mechanical forces compound the susceptibility to mechanical damage from free radicals, this finding indicates that the incubation of healthy RBC with 50 mM of PMS for 1 h can induce subhemolytic damage irrespective of exposure to shear stress, rendering RBC populations at a heightened risk to mechanical and functional damage. Decreases in functional measures of RBC deformability will alter blood fluidity and may cause circulatory insufficiencies, impaired nutrient delivery, and propagate the development of disease (26) .
Prior investigations have identified that oxidative stress can induce changes within the RBC cytoskeletal architecture by interrupting spectrin crossbridges with adjacent membrane protein complexes, increasing membrane stiffness (measured through atomic force microscopy) (27, 28) . PMStreated RBC in the present study were observed to be at heightened risk of subsequent mechanical damage (Fig. 2) ; however, when normalizing for the initial decreases in RBC deformability (caused by PMS), the shear-mediated responses for RBC exposed to PMS (Fig. 4) were near identical to Con, albeit at an elevated level (i.e., more rigid than Con). When examining the changes in Mechanical Sensitivity (i.e., D Mechanical Sensitivity; Fig. 5 ) at matched shear magnitude-duration conditions, despite the vertical translation and elevated amplitude, the changes were not significantly different at any point (i.e., note Fig. 5 being horizontal) . Curiously, this finding reveals that while oxidative stress decreases initial RBC deformability (increasing Mechanical Sensitivity; determining the vertical translation from baseline in D Mechanical Sensitivity), successive changes in RBC deformability are primarily governed/stimulated by shear stress.
When normalizing the 19% increase in Mechanical Sensitivity of PMS-treated RBC relative to Con, similar responses in the relative change under high shear (damage) and low shear (improvements) conditions were observed. Relative to unsheared PMStreated RBC, shear exposure to low-magnitude (4-32 Pa) longer-duration (16-64 s) combinations significantly increased RBC deformability and decreased the Mechanical Sensitivity index by $5-10%. The finding that low-magnitude shear stresses can improve RBC deformability has recently been reported (22, 29) ; however, unlike prior methods, the present study applied conditioning shear stress to already rigidified RBC, damaged by free radicals, rather than healthy RBC. The observed enhancements of the present study suggest that low magnitude shear stress conditioning improves the capacity of RBC to deform, independent of existing free radical damage. While the mechanism behind such process remains to be determined, it appears that low shear conditioning of blood can decrease subsequent mechanical damage.
While the subhemolytic damage point could not be described for RBC suspensions incubated with PMS (as damage had already occurred), the findings of elevated sensitivity to subsequent mechanical damage provide important insights into mechanisms of shear-mediated changes in RBC deformability. The collective findings advocate shear stress as a powerful mechanical stimulus and determinant of RBC deformability, mediating both decrements and improvements, even in the presence of damaging free radicals. As patients receiving mechanical circulatory support are at elevated exposure to free radicals (thus limiting RBC deformability), concomitant exposure to high shear environments likely compounds the deleterious effects to important parameters that regulate microcirculatory blood flow. Thus, blood exposure to high shear environments should be minimized and the oxidative states of patients should be closely monitored or counteracted using antioxidants (30) . If blood were conditioned with low magnitudes of shear stress prior to mechanical circulatory support, however, RBC deformability may improve, Mechanical Sensitivity may decrease, and the consequential blood damage and its associated complications may be lessened. Further studies are planned to elucidate whether this improvement can be further enhanced in combination with antioxidant exposure, to decrease RBC mechanical damage below the subhemolytic threshold, and whether free radical production during extracorporeal membrane oxygenation induces similar responses as observed in the present study.
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